Abstract. We investigated the evolution of the response of human, chicken, alligator 1 and frog glucocorticoid receptors (GRs) to dexamethasone, cortisol, cortisone, 2 corticosterone, 11-deoxycorticosterone, 11-deoxycortisol and aldosterone. We find 3 significant differences among these vertebrates in the transcriptional activation of their 4 full length GRs by these steroids, indicating that there were changes in the specificity of 5 the GR for steroids during the evolution of terrestrial vertebrates. To begin to study 6 the role of interactions between different domains on the GR in steroid sensitivity and 7 specificity for terrestrial GRs, we investigated transcriptional activation of truncated 8
full length and truncated GRs for all corticosteroids. Human and Xenopus GRs had the 24 greatest difference between full length and truncated GRs. Full length human GR was 25 strongly activated by DEX, F and B and weakly activated by DOC and S, while the 26 truncated human GR was activated by DEX ( Figures 3A, B) . Full length Xenopus GR 27 was strongly activated by DEX and B and weakly activated by F, Aldo and DOC 28 ( Figure 3G ). Truncated GR was activated by DEX and B ( Figure 3H ). 29
Chicken GR and alligator GR were similar to each other regarding 30 transcriptional activation of full length GRs. For full length chicken GR, B, Aldo and 31 DOC were strongest activators at 10 nM ( Figure 3C ). DEX, F and S had similar lower 32 transcriptional activity for chicken GR. Interestingly, E had low, but significant, 33 activity for full length chicken GR. For truncated chicken GR, only DEX, F and B had 34 strong activity ( Figure 3D ). S, Aldo and DOC had low, but significant activity. For 35 full length alligator GR, all steroids, except E, had good activity ( Figure 3E ). E had 36 6 low, but significant activity. Truncated alligator GR was strongly activated by DEX 1 and F, and less activated by B ( Figure 3F ). Aldo and S had very low, but significant 2 activity. 3 4 3.2 EC50 values for transcriptional activation of full length human, chicken, 5 alligator and X. laevis GRs 6 Next we examined the concentration-dependence of transcriptional activation of 7 full length terrestrial vertebrate GRs by DEX, F, E, B, Aldo, DOC and S (Figure 4 , 8 Table 1 ). Compared to the other steroids, DEX has the lowest EC50 for all of the full 9 length GRs (Table 1) . Interestingly, there are significant differences among the GRs of 10 the EC50s for other corticosteroids, including F and B, which are the major 11 physiological glucocorticoids in terrestrial vertebrates. For example, for full length 12
GRs, B has a lower EC50 than F for X. laevis GR, while F has a lower EC50 than B for 13 human, chicken and alligator GR. 14 Aldo, which is a mineralocorticoid, has an EC50 of 2.7 nM and 44 nM 15 respectively, for alligator GR and X. laevis GR and an EC50 of 2 nM and 82 nM, 16 respectively, for chicken and human GR. DOC, which also is a mineralocorticoid, has 17 an EC50 of 2.6 nM and 23 nM, respectively, for alligator GR and X. laevis GR, and an 18 EC50 of 0.63 nM and 110 nM, respectively, for chicken GR and human GR. 19 Interestingly, S has an EC50 of 0.17 nM and 0.35 nM, respectively, for chicken and 20 alligator GR, and a much higher EC50 for human GR 
EC50 values for transcriptional activation of truncated (GAL4-DBD_GR-LBD) 24 terrestrial vertebrate GRs 25
The concentration-dependence of transcriptional activation of truncated 26 terrestrial vertebrate GRs by DEX, F, E, B, Aldo, DOC and S is shown in Figure 4 and 27 in the c-terminus of helix 5, a β-turn and helix 6 on human GR, that could be replaced 9 with corresponding residues from human MR to yield a hybrid GR that had an EC50 of 10 3 nM for Aldo. In Figure 5 , we compare this segment in chicken, alligator and X. 11 laevis GRs with the corresponding segments in human MR and GR. The alignment 12
does not reveal a pattern of similarity between chicken and alligator GRs and human 13 MR that can explain the lower EC50s that Aldo has for chicken and alligator GRs 14 compared to human and X. laevis GRs. 15 (Table 1 ) supports the presence of more than one physiological glucocorticoid in 23 some terrestrial vertebrates. Also, our data indicate that there were changes in 24 specificity for corticosteroids in the GR at key transitions in the evolution of terrestrial 25
vertebrates. 26
As shown in Figures 3 and 4 and Table 1 , we find significant differences in 27 the response to a panel of corticosteroids of full length GRs from X. laevis, alligator, 28 chicken and humans, providing evidence for the evolution of selectivity of terrestrial 29 vertebrate GRs for F, B, Aldo, DOC and S. We confirm previous studies [36, 37] 
that 30
Aldo has nM EC50s for full length chicken and alligator GR. This contrasts with the 31 response to Aldo of full length human and X. laevis GR, for which the EC50 is 82 nM 32 and 44 nM, respectively. The low EC50s of B for chicken GR (0.23 nM), alligator GR 33 (0.35 nM) and X. laevis GR (5.1 nM) are consistent with a role for B as a physiological 34 glucocorticoid in these vertebrates [33, 34, 58] . We also find that DOC, another 35 mineralocorticoid [39, 41, 61, 62], has a low EC50 for full length chicken GR (0.6 nM) 36 8 and alligator GR (2.6 nM), in contrast to DOC's higher EC50 for human GR (110 nM) 1 and X. laevis GR (23 nM). S also has a substantially lower EC50 for chicken GR (0.17 2 nM) and alligator GR (0.35 nM) compared to human GR (50 nM) and X. laevis GR 3 (953 nM). Interestingly, there is a weak but significant, response to E of chicken and 4 alligator GR. The low EC50s of B, DOC and S for chicken and alligator GRs and of B 5 for X. laevis GR leaves open the possibility that these steroids are physiological 6 glucocorticoids in these vertebrates. There are regulatory implications for DOC and S 7 as glucocorticoids because these steroids lack an 11β-OH group that is present in F and 8 B (Figure 1) . Thus, DOC and S would be inert to 11β-HSD2, and could activate 9 chicken and alligator GRs in tissues containing 11β-HSD2, which would inactivate B 10 and F [1, [63] [64] [65] . 11
Our studies with truncated GRs (hinge-LBD) reveal that one or more of the A, 12 B and C domains are important in the response of terrestrial vertebrate GRs to 13 corticosteroids. We find that compared to full length GRs, all truncated GRs 14 (hinge- GRs, suggesting that other mechanisms such as interactions with the LBD of the NTD 36 on alligator and chicken GRs may contribute to the differences in their response to 1 corticosteroids compared to human and X. laevis GRs. 2 3
Evolution 4
Our data indicate that there were significant changes in the response to 5 corticosteroids during the evolution of terrestrial vertebrates. Among the species that 6
we have studied, chicken and alligator are closest, having diverged about 150 million 7 years ago (myr) from a common ancestor. Consistent with this close relationship, full 8 length chicken and alligator GRs have similar EC50s for B, Aldo and S. In contrast, 9 full length GR from X. laevis, which is the most divergent of the studied 10 non-mammalian species, has the high EC50s for all tested corticosteroids. 
